Background: We aimed to evaluate whether the use of our novel patient-specific guide (PSG) with 3-dimensional reconstruction in reverse total shoulder arthroplasty (RTSA) would allow accurate and reliable implantation of the glenoid and humeral components. Methods: 20 fresh-frozen cadaveric shoulders were used. The PSG group (n=10) and conventional group (n=10) was evaluated the accuracy and reproducibility of implant positioning between before and after surgery on the computed tomography image. 
Introduction
Reverse total shoulder arthroplasty (RTSA) is known to improve the functional outcome of patients with cuff tear arthropathy. Most patients after RTSA report good clinical scores and pain reduction as well as recovery of range of motion. 1, 2) In addition, owing to advances in surgical techniques and devices, decreasing complication rates are reported. 3) However, the RTSA procedure remains technically challenging and results in a number of complications such as scapular notching, early loosening, instability, and poor function. 4, 5) In particular, these complications are associated with glenoid component malpositioning, especially superior tilt of the glenoid component. 6) Variable scapular anatomy, glenoid bone loss, and joint stiffness contribute to difficulty in proper positioning of the glenoid component. 7) Abnormal glenoid morphology is observed in about 40% of patients requiring RTSA, making it unfeasible to place the glenoid component along the anatomic center line in these patients. 8, 9) Preoperative planning with 3-dimensional (3D) imaging and patient-specific instrumentation (PSI) helps in resolving problems that might occur in total knee replacement, 10, 11) and these techniques have recently been introduced in shoulder arthroplasty to overcome the problems of glenoid deformity and bone loss. Patient-specific guides (PSGs) have been suggested to improve the accuracy and reproducibility of the positioning of components in RTSA. 7, 12) Considering the above rationales, numerous studies have been initiated for PSG, particularly cadaver studies. 7, 13) Although most patients with rotator cuff arthropathy have abnormalities of the glenoid, 8, 9) cadavers with standardized glenoid (with no defect or deformity lesion) can be worked on, and has the advantage of allowing to check for actual reproducibility. This study aimed to assess whether the use of our novel PSG, constructed using a 3D technique, in RTSA would allow accurate and reliable implantation of the glenoid and humeral components.
Methods Study Design
Totally, 20 fresh-frozen cadaveric shoulders (male: 10, female: 10; mean age: 74.20 years) were utilized in this study. All cadavers had no shoulder pathology and bony deformity of the glenoid or humerus. All shoulders were scanned using computed tomography (CT) (Siemens SOMATOM Definition AS+; Siemens Belgium nv/SA, Beersel, Belgium) to plan the RTSA and design our novel glenoid and humeral components. The acquisition parameters were 120 kW and 224 Ma (calculated based on the cadaveric anatomy); convolution kernel, B30f; slice thickness, 0.6 mm; image size, 512×512; and field of view, 512×0.44336. The field of view of each scan included the entire scapula and humerus. A total of 20 specimens were randomly divided into the PSG group and the conventional group. The 10 cadavers in the PSG group were evaluated for entry point, angle, and position of guidewires after implantation with the PSG. The remaining 10 cadavers in the conventional group were guided and implanted without the PSG, and evaluated for the same outcomes stated above.
Development of Our Novel Patient-specific Instrumentation Systems
Korean government funding (Ministry of Science and Information & Communication Technology) was provided for manufacturing our novel PSG systems. The glenoid PSG was designed to allow the surgeon to introduce it onto the glenoid to prevent toggling; it had 4 supporting bars at attachment site with the glenoid peripheral rim to fit well. A central hole with a short barrel through which the guide pin could pass was created, and a metal handle was attached to make it easy to operate (Fig. 1) . The humeral PSG was designed to exactly pass the center of the humeral intramedullary canal. It was made to fit well on the articular surface and bicipital groove, and a cutting guide was assembled for use (Fig. 2 ).
Preoperative Planning (Glenoid and Humeral Surgical Guides)
The dedicated software Coralis reference PSI system (Corentec, Seoul, Korea) was used to create 3D surface models of all scapula and humerus based on the obtained CT images. The glenoid PSG was designed based on a scapular plane defined by 3 points (glenoid center point, scapula trigonum, and inferior angle of the scapula), as described in a previous study.
12 ) The guide entry was the center of the glenoid and was directed towards the neutral tilt. The humeral PSG was designed to allow the central guide to enter the long axis of the humeral medulla. The guide was designed to allow neck cutting with the cadaver's own articular portions and with inherent humeral retroversion (Fig. 2) . The designed PSG was printed with natural polyamide PA2200 resin (EOSINT P380 selective laser sintering machine; EOS GmbH, Krailling, Germany).
Cadaveric Surgical Procedure
All procedures were performed by a single experimental surgeon, with the cadaver specimens placed in the supine position. Glenoid patient-specific guide. Glenoid attachment site (4-foot to fit well with the glenoid peripheral rim to prevent toggling) (A); metal handle attached to make it easy to operate (B); central hole with a short barrel to pass through the guide pin (C).
Fig. 2.
Humeral patient-specific guide was designed to exactly pass the center of the humeral intramedullary canal. It was made to fit well on the articular surface and bicipital groove, and a cutting guide was assembled for humeral neck cutting.
Through the delto-pectoral approach, the glenoid and humeral heads were exposed with minimal incision in the conjoined tendon, and by cutting the long head of the biceps tendon and subscapularis tendon. The remaining glenoid labrum was removed, releasing the head of the triceps. The rotator cuff was resected to mimic a cuff tear arthropathy to be further subjected to RTSA. This study was divided into 2 methods. The first study concerned inserting only the guidewire; the glenoid and humeral guidewires (2.6 mm Steinman pin) were inserted, and humerus neck cutting was performed according to the predesigned and 3D printed PSG in the PSG group. In the conventional group, the glenoid entry point was determined according to our standard methods, based on the intraoperative interpretation of the scapular position and glenoid morphology, center of glenoid fossa, and neutral tilt. The insertion point of the humerus was defined using the freehand technique based on the long axis of the humeral medulla. Neck cutting was performed after insertion of the guidewire (Fig. 3 ).
In the second study of implant insertion, humeral neck cutting was performed after inserting the guide using the PSG or the conventional method. Glenoid reaming was performed along the guidewire, and the baseplate was positioned and fixed using central, superior, and inferior screws. The hemispheres were fixed to the baseplate through the press-fit method. This was followed by humeral medullary reaming, and the humeral stem was inserted. After fixing the liner and plate on the humeral stem, the joint was reduced and the operation was completed.
Radiologic Evaluation
Postoperative CT scan was conducted to determine the glenoid and humeral component positioning, and differences from the preoperatively planned implant were calculated. Postoperative CT scan was performed in the same manner as the preoperative CT scan.
The following radiological measurements of the glenoid were obtained:
(1) Superoinferior offset (distance ratio between the center of the guidewire or implants and the glenoid superior or inferior margin in coronal planes) (Fig. 4) (2) Anteroposterior offset (distance ratio between the center of the guidewire or implants and the glenoid anterior or posterior margin in axial planes) (3) Inclination (angle between the implant axis defined by the center peg of the implant and the line joining the superior and inferior margins of the glenoid, as described by Maurer et al. 14) ) (4) Version (angle between the implant axis and the scapula axis defined by the line connecting the medial end of the scapula and the midpoint of the glenoid fossa, as described by Friedman et al. axial plane (actual stem location [lateromedial] compared with the humeral canal center axis in the axial plane) (Fig. 5A ) (7) Humeral stem-canal center angle in the coronal plane (angle difference of the stem axis with the long axis of the humeral medulla) (Fig. 5B) In addition, the preoperative and postoperative reconstructed images were compared for the position and angle before and after surgery. The 3D models from the preoperative planning were registered to the postoperative 3D models by using the iterative closest point registration algorithm. 16) Along with the guidewire indicating the position of the implant, this enabled us to determine the deviation between the planned position of the implant and the postoperatively achieved position.
Statistical Analysis
The mean values were compared using Student's t-test or the Mann-Whitney U-test for continuous variables, and the chisquare or Fisher's exact tests for categorical variables, in order to statistically evaluate the differences between the 2 groups. Statistical analyses were conducted using the SPSS version 17.0 for Windows (SPSS Inc., Chicago, IL, USA). All statistical tests were 2-tailed, and a p-value of <0.05 was considered statistically significant.
Results

Baseline Comparison
A total of 20 cadavers were divided into 2 groups, comprising of 10 
Glenoid Alignment
Using the 3D planning automatic software, CT scans measured the preoperative and postoperative version and inclination angles. We observed that PSG significantly reduced deviations from the planned glenoid implant positioning. Comparing the conventional and PSG groups, the superoinferior offset in the alignment of the glenoid component was 0.42 ± 0.07 and 0.45 ± 0.03, respectively; the anteroposterior offset was 0.50 ± 0.08 and 0.46 ± 0.02, respectively; the inclination angle was -1.93° ± 4.31° and -1.97° ± 3.58°, respectively; and the version angle was 2.27° ± 5.91° and 3.38° ± 2.79°, respectively ( Table  2 ). The mean value and distribution of each alignment value (superoinferior offset, anteroposterior offset, version, and inclination) of both groups were statistically not different (all p>0.05); however, the SD differed to a smaller extent in the PSG group (Fig. 6 ).
Humeral Alignment
Considering measurements of the humeral alignment, the following values were obtained for the conventional and PSG groups: the anteroposterior humeral canal center offset in the humeral alignment was 0.45 ± 0.12 and 0.46 ± 0.59, respectively (p=0.794); the lateromedial humeral canal center offset was 0.48 ± 0.15 and 0.46 ± 0.06, respectively (p=0.702); and the humeral stem canal center angle was 4.98° ± 2.31° and 2.64° ± 1.07°, respectively (p=0.009). These results indicate that the PSG group had significantly better humeral stem alignment (Table 3) .
Discussion
This study is a prospective randomized clinical trial designed to test the hypothesis that applying PSGs with 3D reconstruction technique is superior to conventional surgical techniques for the placement of glenoid and humerus components in cadaveric shoulders. The SDs of superoinferior offset, anteroposterior offset, inclination, and version were lower in the PSG group than in 6 . The comparison of glenoid alignment. There were no significant differences between superoinferior offset, anteroposterior offset, version, and inclination between groups; however, the standard deviation showed a smaller difference in the patient-specific guide (PSG). CI: confidence interval. Values are presented as number only or mean ± standard deviation. PSG, patient-specific guide. Values are presented as number only or mean ± standard deviation. PSG: patient-specific guide.
the conventional group, indicating that the use of PSG is more consistent than the conventional method in positioning the glenoid component. Furthermore, the humeral stem canal center angle in the humeral component was significantly lower in the PSG group (p=0.009). The humeral stem in the PSG group was precisely located at the center of the medullary canal of the humerus, compared with the conventional group. The RTSA procedure is technically challenging and is reported to be associated with instability, early loosening, scapular notching, and poor function, especially due to glenoid component malpositioning. 4, 5, [17] [18] [19] Errors in inclination angle are known to impart the greatest probability for clinical failure in total shoulder arthroplasty (TSA). 20) Similarly, in RTSA, errors in inclination need to be avoided due to increased scapular notching and component loosening.
21)
However, it is more difficult to control the version and slope, especially if the original articular surface is not aligned neutrally owing to wear or abnormal shape; thus, accuracy and reproducibility are dependent on the surgeon's skills and interpretation of the position and shape of the scapula.
To solve these problems, some authors used computerassisted navigation to improve the accuracy of glenoid component positioning and wear correction. 22, 23) However, navigated systems often require large and expensive equipment for implementation, thereby increasing the operating time by 20%, and conferring additional cost to the procedure. 24, 25) As an alternative method to overcome this problem, PSGs created using the 3D reconstruction technique enable preoperative planning with automatic software. Moreover, the use of PSG provides accurate and reproducible positioning and orientation of the glenoid and humeral components in RTSA. Early cadaver studies on TSA and RTSA have reported the accuracy and reproducibility of PSI. Levy et al. 7) reported the accuracy of PSI in positioning the glenoid baseplate in RTSA. They reported that the translational accuracy of the starting point for the guide pin averaged 1.2 ± 0.7 mm, whereas the accuracy of the inferior inclination was 1.2° ± 1.2° and that of the glenoid version was 2.6° ± 1.7°. Their study concluded that PSGs were highly accurate in reproducing the starting point, inclination, and version set on preoperative guides. Walch et al. 26) also showed a good correlation between preoperative planning and the achieved position of the guide pin in an in vitro study on the use of PSI for glenoid component placement in TSA. They reported a mean entry point position error of 1.05 ± 0.31 mm, a mean inclination error of 1.42° ± 1.37°, and a mean version error of 1.64° ± 1.01°.
In an in vivo study, Gauci et al. 27) reported that the mean error of the glenoid component in PSI was lower than that of the glenoid component and the preoperative planning value in anatomical TSA. The mean error in the accuracy of the entry point was -0.1 ± 1.4 mm in the horizontal plane and 0.8 ± 1.3 mm in the vertical plane. The mean error in the orientation of the glenoid component was 3.4° ± 5.1° for version and 1.8° ± 5.3° for inclination. In a series of 10 consecutive patients who underwent TSA and RTSA with PSI, Suero et al. 25) also reported that PSI enables adjusting the position of the glenoid component and screws.
However, in a recent study, Lau and Keith 28) claimed that PSI was not as successful as it appeared in previous studies. They produced PSGs that permitted 0° glenoid inclination and version in TSA, and 10° inferior inclination in RTSA. For the TSA group, the mean version was measured at 8° ± 10° retroversion and 1° ± 4° inclination. For the RTSA group, the mean version was 10° ± 10° retroversion and -1° ± 5° inclination. They demonstrated that the use of PSGs does not automatically allow flawless glenoid component positioning. We designed PSGs for accurate implant positioning by applying 3D CT and automatic software, and showed good consistency in cadavers. However, it is unknown whether our PSG will show good results in vivo.
The most important aspect in the implantation of a humeral component in shoulder arthroplasty is to set the correct entry point at the center of the humeral canal. Failure to set the correct entry point results in malalignment, such as varus of the humeral component, which in turn leads to long-term implant failure. Another important aspect of the humeral component is that neck cutting should be precise and should match the version and inclination of the patient's own humeral anatomical neck. If the retroversion becomes larger or smaller, the external rotation and internal rotation may be restricted. 29, 30) As per our understanding, there are few reports on implantation of humeral components using PSG. We designed a humeral PSG to improve the humeral stem alignment, and our results indicate better stem alignment than the conventional method. However, the PSG system only provides a helpful anatomical guideline of the humeral canal for surgeons, and does not replace the comprehensive understanding of the complex anatomy of the proximal humeral. The current study is meaningful in being a level I clinical trial using cadavers to evaluate this technique in RTSA. However, there are some limitations to our technique and study, which are consistent with the precautions required when applying PSI in RTSA. First, creating a PSG depends on a precisely defined preoperative plan using the accurate 3D model of the patient's scapula. Although accurate 3D models of the scapula and humerus need to be separated from the surrounding soft tissue, this could prove difficult owing to cartilage loss, severe bone defect, calcification, stiffness, and previous fractures. Second, a stable fit and precise positioning of the PSI guide to the glenoid rim is dependent on exposure after sufficient removal of the soft tissue around the joint surface; thus, there is a possibility of damage to important structures and subsequent complications. Third, this study lacks analysis of other variables such as screw position. The guidelines for glenoid positioning, which consider the peripheral screws used and the patient's bone quality, are currently unclear. In this study, version and tilt were used as neutral values, but this was not true for all cadavers. More research is required to investigate the ideal glenoid positioning for maximum functionality and mechanical stability.
Conclusion
Compared to the standard conventional surgical techniques, the use of PSGs with a 3D reconstruction technique reduces variability in the positioning of glenoid and humerus components and prevents extreme position errors in RTSA. However, although application of PSG adds to the preoperative planning time, the surgeon's intuition remains important. The clinical effects, costs, and long-term effects of this technology require further cost-benefit analysis and clinical research.
